A model was developed to calculate the mass and heat balances of wastewater and municipal solid waste treatment plants when these plants operate either separately or together with a mutual dependence on mass and energy. Then the energy consumption, life cycle costs (LCCs), greenhouse gas (GHG) emissions and effluent quality were evaluated under various scenarios to identify the most effective co-management and treatment system. The results indicated that co-digestion of kitchen waste and sewage sludge, and their co-combustion reduced LCCs by 30%, energy consumption by 54% and GHG emissions by 41% compared to the base case. However, co-digestion increased the total nitrogen load in the wastewater treatment plant effluent. Even if an advanced wastewater treatment system was applied to improve total nitrogen concentration, the above indicators were affected but still reduced compared to the base case. Therefore, it was confirmed that the integrated system was beneficial for megacities.
INTRODUCTION
In megacities, large amounts of energy and resources have been consumed following rapid economic growth, urbanization and the widespread improvement in living standards. Alongside increases in municipal solid waste (MSW) and sewage sludge production, greenhouse gas (GHG) emissions have also increased in megacities. To mitigate GHG outputs, the efficient use of resources and energy in the municipal wastewater and solid waste treatment systems of megacities is important. Thus, appropriate methods of handling organic waste, such as kitchen waste and sewage sludge, must be developed.
In this study, we assessed the current municipal wastewater and solid waste treatment systems comprehensively and quantitatively, focusing on organic waste such as kitchen waste and sewage sludge in Japan as Japan has two megacities, namely, Tokyo and Kansai, and both systems are currently not integrated although synergistic positive effects are expected. In Japan, 45 million tons of MSW were generated in 2010 and about 80% of MSW was incinerated (Ministry of the Environment Japan ). However, approximately 30-40 wt.% of MSW is kitchen waste, which has a high moisture content and decreases the lower heating value (LHV) of MSW. On the other hand, approximately 2.2 million dry base (DS)-t of sewage sludge is produced each year and the amount is gradually increasing with the expansion of wastewater treatment plants (WWTPs) . Approximately 31 wt.% of the total amount of sewage sludge (0.69 million DS-t) is used in methane fermentation tanks annually, but few examples of co-digestion with kitchen waste have been reported. After a dewatering process, approximately 68 wt.% of sewage sludge (DS base) is incinerated in WWTPs separately from MSW ( Japan Sewage Works Association ).
Here, we developed a model to calculate the mass and heat balance of wastewater and MSW treatment plants when these plants operate either entirely separately or together with a mutual dependency on mass and energy and calculated the energy consumption, operating costs, GHG emissions and effluent quality for several scenarios. On the basis of the results, we identified the most effective co-management and treatment system.
METHODS

Scale and input data of WWTP and MSWI
For our model, we assumed that a WWTP and a MSWI (municipal solid waste incinerator) treated the sewage sludge and MSW generated in a megacity of 1,260,000 people in Japan. As the base case, we set 400,000 m 3 /day as the planned sewage treatment quantity of the WWTP from the specific sewage-generation rate reported for Japan: 0.32 m 3 /day/capita (Japan Sewage Works Association ).
For wastewater, sludge and waste transfers between the WWTP and MSWI in each scenario (explained further below), the scale of the WWTP or digestion tank was altered appropriately, based on a mass balance calculation. Table 1 shows the influent quality to the WWTP. As will hereinafter be described in detail, four fractions of total solids (volatile suspended solids: VSS, volatile dissolved solids: VDS, fixed suspended solids: FSS, and fixed dissolved solids: FDS) were calculated for each process. In addition, the quantity of flow (Q), total organic carbon (TOC), total nitrogen (TN) and total phosphorus (TP) were calculated for the wastewater treatment system operating at a steady state. Each value in Table 1 was determined from data for a WWTP with a separate sewerage system (Shomura et al. ) located at Kansai area in Japan.
As the base case, we then calculated 1,252 t/day as the anticipated quantity of MSW from the sewered population and adopted the reported MSW-generation rate for Japan: 0.99 kg/day/capita (Ministry of the Environment Japan ). As for the scaling of the WWTP, the scale of MSWI was altered appropriately, based on a mass balance calculation for each scenario.
We used data for the MSW composition of Kyoto City because it has a similar population as this setting condition (Kyoto City Japan ). Table 2 shows the composition and characteristics of MSW used in this study.
System boundaries and scenarios
We considered the entire WWTP and the MSWI. A flow diagram of the system used in this study is shown in Figure 1 . In a WWTP, thickened sludge or the mixture of thickened sludge, kitchen wastes and/or paper wastes is mesophilically digested by methane fermentation. Dewatered sludge is incinerated in a fluidized bed incinerator in a separate case. In a MSWI, only MSW or mixtures of MSW and dewatered sludge are incinerated in a stoker-type incinerator with a waste power generation system. The flue gas treatment consists of a bag filter for dust removal, a wet scrubber for acidic gases removal and a selective catalytic reduction (SCR) system for nitrogen oxides removal. Finally, flue gas is mixed with high-temperature air to prevent the appearance of white smoke. We did not consider sewer culverts, pumping stations and MSW collection systems because their alignments and scales vary widely with terrain.
The following scenarios were evaluated. In scenario A, the WWTP and MSWI operated separately from one another. We then considered the six scenarios shown in Table 3 to evaluate the co-combustion of dewatered sludge with MSW in the MSWI (B, C, D, E and F), the treatment of wastewater from the MSWI in the WWTP (B, D and E), the co-digestion of kitchen wastes and sewage sludge in the WWTP (C, D and E), the co-digestion of kitchen wastes, sewage sludge and paper wastes in the WWTP (F) and the operation of A2O biological treatment in the WWTP (E and F). system in previous studies and determined that a relative comparison of the results for each scenario was possible by calculating results for each process based on the same configuration (basic unit).
Models and evaluation indicators
For the purpose of this study, precisely calculating the amount of organic matter in sludge was important. The four fractions of total solids (VSS, VDS, FSS and FDS) were determined for each process. In addition, Q, TOC, TN and TP were calculated for the WWTP operating under steady-state conditions. MSW, ash (bottom ash and fly ash), waste gas, combustion air and chemical reagents used to treat waste gas were also calculated for the MSWI operating under steady-state conditions. A heat balance and mass balance of steam generated from the boiler were also calculated.
We considered the construction and operating costs of the WWTP and MSWI using an exchange rate of 80 Japanese yen against the US dollar. When determining operating costs, the electric power, fuel, chemical, ash landfill, labor, maintenance and repairing costs were considered. The unit price of electric power purchased from the plant was set at 0.1674 dollar/kWh. A Feed-in Tariff scheme for renewable energy set the unit price of generated power from biomass in a MSWI, generated power from non-biomass in a MSWI and generated power from biogas in a WWTP at 0.2231, 0.06675 and 0.5119 dollar/kWh, respectively. We set conditions whereby all generated power could be sold but we assumed that the electricity requirements could not be covered by generated power but purchased from the electric utilities (The Kansai Electric Power Co. Inc. ).
Furthermore, a plant has three stages, construction, operation and decommissioning, but estimating the impact of the first and last stages is difficult due to various uncertainties. The claim has also been made that the impact of the construction stage is less than that of the operation stage (Renou et al. ) . Therefore, we only considered energy consumption and GHG emissions from the operation stage in this study. However, we calculated the LCCs including construction and operation cost over a 20-year period.
Energy consumption was calculated including electric power and fuel consumption, and also including energy recovery from the biogas generated by digestion. The energy consumption for electric power was transformed into primary energy using the receiving end efficiency estimate of 0.369 [-] , which was determined from the known power generation efficiency of a thermal power plant and its electric energy transmission loss. Energy consumption from fuel use was calculated on the basis of the densities and calorific values per unit of each fuel. GHG emissions (CO 2 , CH 4 and N 2 O) were calculated and combined with CO 2 equivalent emissions including the amount of GHG emitted directly from each treatment process (in the CO 2 case, biomass derived CO 2 were omitted) and GHG emitted indirectly from the production and consumption of energy and chemical reagents in each treatment process by GWP (100 years). In particular, N 2 O emission factors of wastewater treatment were 0.00016 kg-N 2 O/m 3 for conventional activated sludge process and 0.000023 kg-N 2 O/m 3 for the A2O process based on the actual measurements (Soda et al. ) . Moreover, the emission factor of electricity is 0.555 kg-CO 2 /kWh which is generally used in Japan. Since the electrical mix about this emission factor is in 2005 in Japan, hydroelectric generation, nuclear electricity generation and thermal power generation are 8, 31 and 61%, respectively (Japan Agency for Natural Resources and Energy ).
Based on these calculations, the quality of effluent (SS: mg/L, TOC: mg/L, TN: mgN/L, TP: mg/L) in the WWTP, LCC (dollars/20 years), energy consumption (MJ/year) and GHG emissions (t-CO 2 eq/year) were calculated. These seven indicators were used to evaluate and compare the combined WWTP and MSWI systems. 
RESULTS AND DISCUSSION
Effluent quality Figure 2(a) shows the effluent quality from the WWTP in each scenario. Comparing scenario A to scenario B, no great influence of the co-combustion and wastewater cotreatment in the WWTP was observed on effluent quality. This is because the quantity of wastewater from the MSWI was much smaller than that produced by the WWTP. Comparing scenario C and D to scenario A, the TN concentrations in the effluent produced under both scenario C and D were 1.13 times higher than that produced under scenario A. This is because kitchen waste was co-digested with sewage sludge, and reverse water, including dewatered filtrate, had a higher concentration of TN in scenarios C and D, whereas the influence of TP in kitchen waste on the effluent quality was limited.
In scenarios E and F, which included the A2O process in the WWTP, TN concentrations in the effluent decreased from 25.8 to 12 mgN/L. However, the TP concentrations of effluent in scenarios E and F were slightly higher than those in scenario C, despite the A2O process. This was likely to have been caused by TP removed from wastewater to excess sludge in the A2O process being re-eluted under the anaerobic conditions of the digestion tank and settling into the dewatered filtrate and reverse water (Matsuda et al. ) . The median actual treatment target concentrations (TTCs) for SS, TN and TP, calculated from the Japan Sewage Works Association (), are 30 mg/L, 14 mgN/L and 1.9 mgP/L, respectively. Comparing these values with the calculated values from Figure 2 , scenarios E and F were the most desirable for situations requiring strict water quality control at the effluent destination.
Life cycle cost
Figure 2(b) shows the calculated LCCs for each scenario. In scenario B, compared with scenario A, the co-combustion of MSW and dewatered sludge in a MSWI with co-treatment of wastewater in a WWTP had little influence on the LCC. In scenario C, compared with scenario A, the construction cost of the WWTP increased by 0.34 × 10 8 dollars/20 years because it required a larger digestion tank, a kitchen waste crusher and a centrifugal dewatering machine. However, the construction costs of the MSWI, which accounted for the greatest proportion of the total construction cost, decreased by 0.48 × 10 8 dollars/20 years because the amount of MSW, including dewatered sludge, decreased by 30 t/day due to the co-digestion of sewage sludge and kitchen wastes. In terms of operating costs, fuel and chemical costs decreased by about 0.64 × 10 8 dollars/20 years. Moreover, 483 t/day of kitchen waste were placed into the WWTP digestion tank for co-digestion and biogas power generation, and the electricity cost in WWTP subsequently decreased by 4.15 × 10 8 dollars/20 years. The total LCC of scenario C was 5.33 × 10 8 dollars/20 years (about 30%) lower than that of scenario A. In scenario D, the LCC was 0.35 × 10 8 dollar/20 years lower than that of scenario C due to the wastewater co-treatment, which was the lowest of all the scenarios.
Comparing scenario C to scenario E, the LCC of scenario E increased because of the introduction of the A2O process to the WWTP. Comparing scenario A to scenario E, the total LCC of scenario E was 3.7 × 10 8 dollars/20 years lower than that of scenario A because the cost reduction of the co-digestion of kitchen wastes and sewage sludge in the WWTP was more effective than the cost increase due to the introduction of the A2O process.
The introduction of the co-digestion of kitchen waste, sewage sludge and paper wastes in scenario F resulted in an additional decrease in the electricity costs in the WWTP. Incineration of dewatered sludge, including the digestion residue of paper wastes and kitchen waste and a separate MSWI handling materials without paper and kitchen wastes, increased the LCC by 3.06 × 10 8 dollars/20 years more than scenario E, largely because of the decrease in LHV w and the increased fuel cost for the MSWI.
Energy consumption
Figure 3(a) shows the energy consumption for each scenario. In scenario A, the energy produced from waste power generation was calculated to be 2.30 × 10 9 MJ/year. This value corresponded to 2.36 × 10 8 kWh/year in electricity production and to 516 kWh/t-waste in terms of electricity produced per ton of MSW as a base unit. The base unit of power generation for a MSWI with a 20% power generation efficiency was reported to be 600 kWh/twaste by Martin et al. () , which is almost the same as that found in this study. The energy consumption of the WWTP was approximately 4.4 × 10 8 MJ/year, as shown in Figure 3(a) . This value corresponded to 3.02 MJ/m 3 as the amount of energy consumed per m 3 of wastewater as a base unit of energy consumption and fell within the previous range reported by Suda et al. () . Figure 3 (a) shows that in scenarios A and B, the co-combustion of MSW and dewatered sludge in the MSWI with cotreatment of wastewater in the WWTP had little influence on the energy consumption between systems. Although in scenario B, energy consumption derived from fuel in sludge incineration was trivial, by decreasing the LHV w of the input waste to the MSWI and increasing the mass of waste, an increase in electricity and fuel consumption in the MSWI was required despite the increase in waste power generation. Comparing scenario A to scenario C, the co-digestion of sewage sludge and kitchen waste reduced the fuel consumption in both systems and increased the electricity generated from biogas. The energy consumption in scenario C was approximately 5.7 × 10 8 MJ/year lower than that in scenario A. However, the introduction of the A2O process to the WWTP increased energy consumption by 2.8 × 10 8 MJ/year due to the greater electricity usage in scenario E compared to scenario C. Co-digestion with kitchen waste, sewage sludge and paper wastes and the incineration of dewatered sludge in scenario F resulted in an increase of energy consumption of approximately 8.1 × 10 8 MJ/year due to the fuel use in the MSWI in scenario F.
GHG emissions
Figure 3(b) shows the GHG emissions for each scenario. Initially, the GHG emissions from the MSWI were 6.04 × 10 4 t-CO 2 -eq/year for scenario A. This value was equal to 132 kg-CO 2 -eq/t-waste in the MSW as an emission factor, which was similar to the value reported by Inaba et al. () .
The GHG emissions from the WWTP were 4.15 × 10 4 t-CO 2 -eq/year in scenario A. This value was equal to 0.284 kg CO 2 -eq/m 3 as an emission factor, which in this study fell within the range of emission factors reported by Fukushima & Somiya () and was considered reasonable. From Figure 3 scenario B, the GHG emissions derived from N 2 O and fuel consumption from sludge incineration were trivial, decreasing the LHV w of the input waste to the MSWI and increasing its mass resulted in greater electricity and fuel consumption in the MSWI. Comparing scenario A to scenario C, the co-digestion of sewage sludge and kitchen waste reduced GHG emissions by 4.26 × 10 4 t-CO 2 -eq/year due to the reduction in electricity and fuel energy consumption due to biogas generation and the lower fuel requirements for a MSWI with co-digestion. However, the introduction of an A2O process to the WWTP increased GHG emissions by approximately 8.9 × 10 3 t-CO 2 -eq/year due to a greater electricity usage in scenario E compared to scenario C. The co-digestion of kitchen wastes, sewage sludge and paper wastes and the incineration of dewatered sludge in scenario F resulted in an increase in GHG emissions of approximately 9.1 × 10 4 t-CO 2 -eq/year due to the higher fuel consumption in the MSWI compared to scenario C.
CONCLUSIONS
In this study, we produced a simulation program that could calculate the mass and heat balance of wastewater and MSW treatment plants when these plants operate separately, or are mutually dependent on mass and energy. Considering the effluent quality, LCC, energy consumption and GHG emissions, scenario D or E would be most desirable. These scenarios treat wastewater from the MSWI in the WWTP with the conventional activated sludge process or the A2O process as a biological treatment, co-digest kitchen wastes and sewage sludge in the WWTP and co-combust dewatered sludge and MSW. When strict water quality controls exist in the effluent destination, scenario E is considered the more desirable scenario.
However, the collection of waste was not included in the model. Thus, the actual application of this model requires a more detailed study.
